Telomeres, the most distal structures of chromosomes, play an important role in genome stability and have recently emerged as integrators of various stress signals. 1 Thus, structural changes in telomeres profoundly affect the ability of cells to proliferate and to adapt to the changing microenvironment. Cells respond to telomere dysfunction by initiating the DNA damage response (DDR) through the ataxia telangiectasia mutated (ATM) or ataxia telangiectasia and Rad3 related (ATR) protein kinase, which leads to apoptosis or senescence. This mechanism represents an intrinsic barrier to carcinogenesis. The DDR also promotes the acquisition of the so-called senescence-associated secretory profile (SASP), resulting in the establishment of a pro-inflammatory microenvironment and hence in the activation of innate immune responses (which generally remove senescent cells from the organism). 2, 3 Therefore, genome integrity is kept under strict control by both cellintrinsic and cell-extrinsic mechanisms.
Telomeres are protected from the inappropriate activation of the DDR by the multiprotein complex shelterin, including telomeric repeat-binding factor 2 (TERF2), which is at the heart of the molecular events that maintain telomere integrity. 4 In line with this notion, the downregulation of TRF2 promotes, depending of cell type, apoptosis or senescence. In collaboration with the laboratory of Eric Vivier, we have recently unveiled a cell-extrinsic function of TERF2, which is capable of regulating the activity of natural killer (NK) cells 5 independently of its role in telomere protection 6 ( Fig. 1) . This conclusion was based on the following results: (1) TERF2-deficient cancer cells rapidly stop dividing upon injection into mice, are unable to promote angiogenesis and recruit NK cells; (2) the recruitment of NK cells is repressed or promoted by TERF2-overexpressing or TERF2-deficient cells, respectively; and (3) the depletion of NK cells restores the capacity of TERF2-deificient cells to form vascularized tumors in mice. The fact that the NK-cell population can be controlled by changes in the levels of telomere-regulating factors suggest a sophisticated mechanism whereby telomere integrity and the immune system have co-evolved to preserve tissue homeostasis. Now it will be interesting to see whether such role of TERF2 is part of a general mechanism by which cells bearing telomere damage are eliminated by the innate immune system.
Until recently, the oncogenic properties of TERF2 had been attributed to its cell-intrinsic role in the control of telomere stability and proliferation. The fact that the expression of RAS V12 protects telomeres against a partial TERF2 dysfunction offered us the unique opportunity to separate the cell-extrinsic antineoplastic effects of the loss of TERF2 from the cell-intrinsic inhibition of proliferation. 6 The ability of an oncogenic form of RAS to render cancer cells resistant to the loss of TERF2 appears to be a general phenomenon, since cells derived from a breast cancer expressing a mutant form of KRAS did not display defective growth or DDR activation in response to TERF2 dysfunctions. This raises the interesting possibility that oncogenic transformation reinforces telomere capping functions and allows cells to extend their replicative lifespan.
Interferon γ (IFNγ) is a candidate mediator of the antiangiogenic activity of NK cells in our model for the following reasons: (1) IFNγ is known as a potent antiangiogenic factor; 7 (2) IFNγ-elicited angiostatic molecules as well as their receptors are all expressed by the lymphoid cells that infiltrate TERF2-deficient microtumors; (3) IFNγ is required for the antitumor activity of TERF2; and (4) IFNγ is produced in large quantities upon the inoculation of TERF2-deficient cells in mice. Taken together, these data delineated an extracellular model for the oncosuppressive effects of TERF2 inhibition according to which the secretion of large amounts of IFNγ by NK cells inhibits the proliferation of cancer cells and their ability to promote angiogenesis.
By screening for extratelomeric genomic targets of TERF2, 8 we found that TERF2 binds to an interstitial telomeric sequence (ITS) present within the intron of heparan sulfate (glucosamine) 3-O-sulfotransferase 4 (HS3ST4). We demonstrated that HS3ST4 is positively regulated by TERF2 and inhibits the recruitment of NK cells by coopering with TERF2 in an epistatic manner. In a context in which the role of syndecan 2 (SDC2, also known as heparan-sulfate proteoglycan, HSPG) in NK-cell recognition has been questioned for a long time, our findings raise the hypothesis that the sulfation of HSPG can regulate NK-cell recruitment. This notion is in agreement with recent data from an independent group. 9 The clinical relevance of our results is suggested by the fact that during the early stages of colorectal carcinogenesis, the progressive upregulation of TERF2 correlates with a decrease in the density of tumor-infiltrating NK cells. Globally, the overexpression of TERF2 appears to be a critical step for developing tumors to bypass innate immunosurveillance. This mechanism might be particularly effective at the early stages of oncogenesis, a time frame in which TERF2 has been found to be upregulated in hepatic, pulmonary, and colon neoplasms. The fact that TERF2 plays a critical role in tumorigenesis might explain why TERF2 loss-of-function mutations have not yet been found in human cancers despite the fact that telomere dysfunction promotes disease initiation in various mouse tumor models and possibly in human cancers.
In conclusion, our findings have profound implications for basic and applied biomedical research as well as for the clinical management of cancer patients. They reveal a new pathway depending on TERF2 that links telomeres to the recruitment of NK cells, opening new avenues for innovative combination of immunochemotherapy, 10 especially for the treatment of tumors characterized by high TERF2 levels. Our findings also highlight TERF2 as a pertinent 2-hit therapeutic target, acting on both cell-intrinsic and cell-extrinsic oncosuppressive mechanisms. In this scenario, molecules targeting TERF2 could represent valuable multimodal drugs that combine different therapeutic activities Figure 1 . TerF2 controls innate immunosurveillance through cell-intrinsic and cell-extrinsic pathways. Two pathways link telomeres to the activation of natural killer (NK) cells. On the one hand, telomere dysfunction triggers the DNa damage response (DDr), which promotes apoptosis or senescence, constituting a cell-intrinsic barrier against oncogenesis. This can lead to the recruitment of NK cells through a p53-dependent signaling pathway, the release of damagedassociated molecular patterns (DaMPs) or the activation of the senescence-associated secretory program (sasP). On the other hand, the binding of telomeric repeat-binding factor 2 (TerF2) to DNa regions other than telomeres results in the transactivation of heparan sulfate (glucosamine) 3-O-sulfotransferase 4 (hs3sT4). hs3sT4 actually inhibits the recruitment of NK cells. The dysfunction of TerF2, compromising both cell-intrinsic and -extrinsic barriers to carcinogenesis, exerts a positive effect on (NK cell-dependent) cancer immunosurveillance.
in one single component, with obvious advantages in term of simplicity of treatment and selectivity for cancer cells.
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